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Exclusion of CD43 from the Immunological
Synapse Is Mediated by Phosphorylation-Regulated
Relocation of the Cytoskeletal Adaptor Moesin
brane proteins and submembrane molecules within the
synaptic region been appreciated (Monks et al., 1998).
High-resolution microscopy using both fixed and living
cells has revealed a concentric ring pattern of protein
distribution within a few minutes of T cell contact with
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ring of the integrin LFA-1 surrounds this central zone.Aichi 466-8550
Under the membrane, the localization of the cytoskeletalJapan
adaptor protein talin mirrors the LFA-1 distribution,
whereas beneath the central accumulation of TCRs,
nearly the entire cellular pool of PKC- can be foundSummary
(Monks et al., 1997, 1998; Grakoui et al., 1999).
Early models seeking to explain this patterning wereFormation of the immunological synapse requires TCR
based on the notion that protein size played a key rolesignal-dependent protein redistribution. However, the
(Davis and van der Merwe, 1996; Shaw and Dustin,specific molecular mechanisms controlling protein re-
1997). The localization of shorter molecules such as thelocation are not well defined. Moesin is a widely ex-
accessory molecule CD2 near the TCR and of tallerpressed phospho-protein that links many transmem-
molecules like LFA-1 further from the center of the con-brane molecules to the cortical actin cytoskeleton.
tact zone is in general accord with this hypothesis (Dus-Here, we demonstrate that TCR-induced exclusion of
tin et al., 1998; Monks et al., 1998; Grakoui et al., 1999;the large sialoprotein CD43 from the synapse is an
Leupin et al., 2000; van der Merwe et al., 2000). Theseactive event mediated by its reversible binding to moe-
proposals implied a relatively passive origin for proteinsin. Our results also reveal that relocalization of moe-
distribution in the synapse, based on forces betweensin is associated with changes in the phosphorylation
membranes that “squeezed” larger molecules out fromstatus of this cytoskeletal adaptor protein. Finally,
the area of close membrane contact and into a periph-these findings raise the possibility that the change in
eral position. A more recent mathematical model hasmoesin localization resulting from TCR engagement
more specifically ascribed the spatiotemporal develop-modifies the overall topology of the lymphocyte mem-
ment of the immunological synapse to a combinationbrane and facilitates molecular interactions at the site
of receptor-ligand affinities and the effect of forces gen-of presenting cell contact.
erated by membrane bending due to differences in mo-
lecular dimensions of these intercellular protein con-Introduction
tacts (Qi et al., 2001).
Other data raise questions about these “passive”Activation of T lymphocytes is initiated by interaction of
models of synaptic organization, however. For example,clonally distributed antigen receptors (TCR) with mem-
CD45, a much larger protein than the TCR, is initiallybrane-associated peptide-MHC ligands on antigen-pre-
depleted in the central zone, but then reenters this re-senting cells (APC). Signaling resulting from these rec-
gion (Johnson et al., 2000). CD4, which must extend
ognition events begins within seconds and persists for
further from the T cell membrane than the TCR to contact
hours, accompanied by additional inputs from other re-
the membrane-proximal regions of MHC molecules on
ceptor/counter-receptor interactions that are concen- the APC, is first colocalized with the TCR in the central
trated in the zone of T cell-APC contact. Because this region and then excluded (Krummel et al., 2000). Most
resembles the information transfer at specialized junc- importantly, drug treatments or genetic manipulations
tions between neurons or between nerves and muscles, that interfere with the function of the cytoskeleton pre-
this region of interaction between the lymphocyte and vent T-APC conjugate formation and organized synapse
the APC is referred to as the “immunological synapse” development, indicating a role for active rather than
(Acuto and Cantrell, 2000; Delon and Germain, 2000; passive movement of molecules in establishing the po-
Lanzavecchia and Sallusto, 2000; van der Merwe et al., larized distribution of proteins in this region of the lym-
2000; Bromley et al., 2001). phocyte membrane (Delon et al., 1998a; Wu¨lfing and
It has been known for a number of years that signaling Davis, 1998; Dustin and Cooper, 2000). Such evidence
at the synapse leads to reorientation of the microtubule- for active cytoskeletal control of molecular organization
organizing center of the lymphocyte toward the zone of within the forming synapse implies that specific, active
contact with the APC, accompanied by the polarization mechanisms control protein positioning upon T cell-
of protein secretion to this region of the cell (Kupfer et APC contact. In addition, the existence of a large region
al., 1987; Poo et al., 1988). However, only recently has of relatively flat membrane contact at the synapse as
the existence of a spatially complex distribution of mem- revealed by electron microscopic studies (Delon et al.,
1998b) and the requirement for a zone conducive to
effective secretion into the synaptic cleft (Kupfer et al.,3 Correspondence: ronald_germain@nih.gov
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1987) together suggest the occurrence of additional
membrane-remodeling events in this region of the cell.
ERM (Ezrin/Radixin/Moesin) proteins are good candi-
dates for participants in the processes that control both
membrane molecule distribution and membrane topol-
ogy during synapse formation. These proteins belong
to the Band 4.1 superfamily and are a set of closely
related cytoplasmic proteins that act as a bridge be-
tween a subset of transmembrane molecules and the
subjacent cortical actin cytoskeleton (Mangeat et al.,
1999; Tsukita and Yonemura, 1999; Bretscher et al.,
2000). These interactions, which can involve molecules
such as CD44, CD43, ICAMs, and Fas, depending on
the cell type (Tsukita et al., 1994; Helander et al., 1996;
Serrador et al., 1997, 1998; Heiska et al., 1998; Yonemura
et al., 1998; Parlato et al., 2000), help define cell shape.
As shown in many different cell types, the crosslinking
function of ERM proteins involves binding through the
cytoplasmic domain of integral membrane proteins and
is regulated by reversible threonine phosphorylation in
the C terminus of the ERM molecules (Simons et al.,
1998; Yonemura and Tsukita, 1999).
Although ERM proteins have been extensively studied
in other tissues and cell types, their importance in cells
of the immune system is largely unknown, although
some insights are emerging from recent studies. San-
chez-Madrid’s group has reported their presence in the
uropod of T cells activated by chemokines (Serrador et
al., 1997, 1998; del Pozo et al., 1999). Moesin, which is Figure 1. Intracellular Localization of Moesin in T Cells
the dominant member of the ERM family expressed in Examples of moesin distribution in T cells interacting with an anti-
gen-pulsed APC (A) or with an unpulsed APC (B). Each sampleT lymphocytes (Shcherbina et al., 1999), has also been
includes a gray scale DIC image showing the small T cell at the topshown to play a major role in controlling the topology
contacting the larger APC along with two green fluorescent images,of the T lymphocyte membrane, especially microvillus
a cross-section view (top) and an X-Z reconstruction of the mature
formation (Takeuchi et al., 1994). However, its subcellu- synapse as viewed from the perspective of the APC (bottom).
lar localization following antigen recognition as well as
its possible regulation by TCR-specific signals are un-
known. cells. Because it has been reported to be associated
Here we report the results of studies on the TCR-regu- with several relevant surface proteins of T cells, we
lated redistribution of moesin during synapse formation. therefore examined the subcellular localization of the
Our data support a model in which antigen-induced exclu- cytoskeletal adaptor moesin in 5C.C7 TCR transgenic
sion of moesin is responsible for maintaining CD43 outside T cells with fully mature synapses formed after 30 min
of the maturing synapse. We propose that the mechanism of interaction with antigen-pulsed LK35.2 B lymphoma
first involves disanchoring of CD43 from moesin and of cells. Strikingly, moesin molecules were excluded from
the latter from the cortical actin cytoskeleton through the region of T-APC contact (Figure 1A), as seen in both
moesin dephosphorylation, migration of CD43 away cross-sectional (X-Y) images and 3D reconstructions
from the middle of the T-APC contact, followed by the that provide an X-Z representation of the synapse as
reestablishment of these associations through moesin seen from the APC side. In contrast, control experiments
rephosphorylation in a zone excluded from the central involving T cells interacting with the membranes of anti-
core of the synapse. Further exclusion of CD43 to be- gen-free APC showed a homogenous pattern of moesin
yond the integrin contact zone depends on this rean- localization, including within the zone of cell-cell contact
choring event. This “thaw-freeze” model has several (Figure 1B).
implications for possible topologic reorganization of the To address more precisely where moesin localizes
lymphocyte membrane that facilitates both early surface compared to a previously characterized component of
and later secretory events at the immunological synapse. the synapse, two-color stainings were performed for
moesin and talin. Our results show that these two mem-
bers of the Band 4.1 protein superfamily expressed inResults
T cells are spatially segregated in the mature synapse
(Figure 2A). Moesin appears to overlap only slightly atMoesin Is Specifically Excluded
from the Immunological Synapse the outermost edge of the talin ring previously shown
to surround the zone of increased TCR density (MonksAlthough synapse formation clearly involves cytoskele-
tal function, only talin, a member of the Band 4.1 family et al., 1998). This distribution represents a very broad
region of exclusion and suggests that moesin collectsof proteins, has been extensively studied for its position-
ing in T cells interacting with antigen-bearing presenting outside of what could be considered the effective syn-
TCR-Mediated Regulation of Moesin Function
693
Figure 2. Relative Distribution of Moesin
Compared to Other Molecules in the Mature
Synapse
(A) Two-color staining for moesin (green) and
talin (red) in a T cell engaged in an antigen-
specific conjugate.
(B) One-color staining for PKC- in a T cell
engaged in an unspecific (left) or antigen-
specific (right) conjugate. Concentration of
PKC- in the synapse is clearly observed in
the presence of antigen.
(C) Two-color staining of moesin (green) and
CD43 (red) in a T cell engaged in an antigen-
specific conjugate. Both proteins are coex-
cluded from the region of close cell-cell mem-
brane contact.
(D) Percentage of T cells with PKC- inclusion
in the T-APC contact region or with moesin
and CD43 exclusion from this region in the
presence (left) or absence (right) of antigen.
Bars represent mean  SE for at least three
independent experiments. A total of 303
blindly imaged T-APC conjugates were in-
cluded in this analysis.
apse, defined by the tight adhesive ring formed by the in at least 70% of the antigen-specific conjugates (Fig-
ure 2D).integrin LFA-1 and its underlying talin partner.
Because of the reported association of moesin and
CD43, we examined if the described exclusion of CD43 Moesin Is Dephosphorylated
from the synapse (Sperling et al., 1998) actually paral- upon Antigen Recognition
leled this very broad exclusion of moesin. The localiza- The colocalization of CD43 and moesin described above
tion of moesin and CD43 was analyzed in parallel using is consistent with previous data showing that these
T cells interacting with antigen-bearing or antigen-free molecules can bind to one another (Serrador et al., 1998;
APC. The position of the central synapse was deter- Yonemura et al., 1998). This raised the possibility that
mined by staining for PKC- (Figure 2B). Two-color changes in CD43 localization upon TCR engagement
staining showed colocalization of CD43 and moesin in might be due to a primary effect of TCR signaling on
these cells (Figure 2C). Examination of the contact zone moesin distribution. Current models of ERM protein
using X-Z projections revealed the exclusion of moesin function postulate a key role for phosphorylation in regu-
and CD43 to be essentially complete, with no evidence lating the interaction of these proteins with both trans-
of substantial numbers of small clusters remaining, in membrane molecules and the actin cytoskeleton. We
contrast to what has been reported for CD45 (Johnson therefore examined whether TCR signaling affected
et al., 2000). These findings reveal the parallel exclusion moesin threonine phosphorylation. For this purpose, we
of moesin and CD43 from the synapse and also extend made use of an antibody that recognizes specifically
the spatial resolution of an earlier report describing just the T558 phosphorylated form of this molecule (Oshiro
the cross-sectional pattern of CD43 distribution in the et al., 1998) and analyzed by Western blot the pattern of
region of T-APC contact (Sperling et al., 1998). Under moesin phosphorylation in T cells activated by peptide-
the same conditions, CD44 was not coexcluded with pulsed or unpulsed APCs (Figures 3A and 3B). T lympho-
moesin (data not shown). Both moesin and CD43 were cytes alone or in contact with the control antigen-free
APCs have a high level of moesin phosphorylation. Anti-found to be absent from the region marked by PKC-
Immunity
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Figure 3. Biochemical Analysis of Moesin
T558 Phosphorylation in T Cells
(A) T cells alone (T) and T cells interacting
with unpulsed (T  APC) or antigen-pulsed
(TAPCAg) APC were lysed after different
times of contact as indicated, and the phos-
pho-moesin content (top) versus total ERM
level (bottom) was analyzed by Western blot.
(B) Densitometric quantitation of the relevant
bands in the gel presented in (A). For the dif-
ferent conditions, the intensities of the bands
were measured as described in Experimental
Procedures, and the ratio (P-moesin/moesin)
was calculated.
(C) Phospho-moesin content of T cells stimu-
lated by soluble anti-CD3 antibody. Unstimu-
lated T cells (no stimulation) were stained with
an irrelevant rabbit IgG (black histogram) or
anti-pT558 (thick line). T cells stimulated with
an irrelevant hamster IgG (thick line) or with
anti-CD3 antibody (dotted line) for different
periods of time (1–6 min stimulation) were
stained with anti-pT558. The negative control
of the staining is superimposed as a black
histogram.
gen recognition triggers rapid (1 min) moesin dephos- the periphery of the contact region. However, at this
time point, the TCR distribution was still grossly un-phorylation. Threonine phosphorylation of moesin is
then partially regained over the next few minutes. We changed. By 3 min, an increase in T558 phosphorylated
moesin molecules was only seen in the synapse butwere also able to elicit moesin dephosphorylation by
anti-CD3 antibody stimulation alone (Figure 3C), sug- not in the very center where TCR molecules started to
accumulate. As time progressed, the phosphorylationgesting that TCR signaling in the absence of integrin or
CD28-dependent costimulation is sufficient to trigger levels of moesin continued to rise and included the bulk
of the molecules outside the synapse. The coexclusionthis effect.
In order to correlate at the single-cell level these of the phospho-moesin/CD43 complexes from the con-
tact zone became more pronounced as this rephosphor-changes in moesin phosphorylation with the physical
position of other markers, four-color immunocytochemi- ylation proceeded over the next 5–10 min, generating
an extensive region devoid of these molecules and atcal staining for moesin, phospho-moesin, CD43, and
TCR was performed on cells fixed at various times fol- the same time, enriched in TCRs. This area tended to
enlarge with time until reaching the pattern seen in thelowing initiation of T-APC contact (Figure 4). Consistent
with the biochemistry experiments previously described, mature synapse stage (Figure 1).
T cells interacting with unpulsed APCs showed a strong
staining for phospho-moesin. TCRs, moesin, and CD43 Only Phospho-Moesin Is Able to Bind CD43
Because antigen-specific signals result in the dephos-remained largely homogenously distributed in these
T cells. In contrast, after 1 min of interaction with peptide- phorylation of moesin at T558, we next examined
whether the phosphorylation state of moesin moleculespulsed APCs the level of phospho-moesin staining in
T cells was nearly at background levels, not just in the affected interaction with CD43. We coexpressed a
CD43-GFP chimeric protein in 293T cells along with HA-contact region but throughout the entire cell. At this very
early time, we could also detect the first signs of CD43 tagged moesin molecules containing either the T558A
mutation that yields a molecule acting like dephosphory-exclusion in the X-Z view as a relative depletion in this
protein in the center of the interface as compared to lated moesin or a T558D mutation that produces a pro-
TCR-Mediated Regulation of Moesin Function
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Figure 4. Kinetics of Redistribution of Moesin, Phospho-Moesin, CD43, and TCR Following Exposure to APC
Four-color staining for moesin (green), phospho-moesin (white), CD43 (red), and TCR (blue) was performed on T cells interacting for the times
indicated with unpulsed APC (top panel) or antigen-pulsed APC (bottom four panels). CD43 and TCR stainings were also superimposed (right
column). Regions corresponding to TCR-CD43 colocalization appear in white.
Immunity
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to CD43mut-GFP). Immunoprecipitation experiments
clearly showed a loss of association between the moesin
and the mutant CD43 chimera (Figure 5), indicating that
the mutation introduced in the cytoplasmic tail of CD43
interfered with moesin binding.
We next transduced activated 5C.C7 T cells with
retroviruses encoding GFP alone, CD43-GFP, or
CD43mut-GFP. These cells were then put together with
antigen-pulsed APCs for 30 min, and the subcellular
distribution of GFP fluorescence in live T cells engaged
in conjugates was analyzed in each condition (Figure
6A). GFP alone gave the expected pattern of intracellular
staining. In contrast, the GFP fusion proteins were
mainly located at the plasma membrane. CD43-GFP was
excluded from synapses at 30 min, as found previously
for endogenous CD43 (Figure 6B). However, T lympho-
cytes expressing the CD43mut-GFP form failed to ex-
clude these chimeric molecules and showed either a
homogenous distribution or even an accumulation of
CD43mut-GFP near the region of cell contact in the
majority of cells. Thus, these data provide further sup-
port for the hypothesis that the association of CD43 with
moesin is necessary for the positioning of CD43 in the
periphery of the synapse.
Figure 5. Biochemical Analysis of the Association between Moesin A more complete spatio-temporal view of CD43 exclu-
and CD43 sion following T cell activation was achieved by produc-
293T cells were cotransfected with pairs of plasmids encoding moe- ing high-resolution 4D movies of retrovirally transduced
sin and either GFP, CD43-GFP, or CD43mut-GFP. GFP-containing T cells interacting with antigen-pulsed APC, using theproteins were immunoprecipitated (IP), and blots were probed with
general method described by Krummel et al. (2000). Aan anti-HA antibody (top) and an anti-GFP antibody (middle; note:
typical acquisition sequence consisted of a z stack ofGFP runs too far below the CD43-GFP chimeras to be visualized in
this condition, but other experiments confirmed comparable expres- ten GFP images followed by ratiometric measurement
sion of the free GFP under these conditions). The whole-cell lysate of the intracellular calcium (Ca2) concentration as an
was probed with the anti-HA antibody (bottom) to establish that a indicator of early T cell activation and collection of a
similar level of moesin was expressed in the different conditions. transmitted-light image for visualizing the T-APC conju-
gate. Imaging of T cells expressing CD43-GFP (Figure
6C; see Supplemental Movie S1 at http://www.immunity.
tein mimicking the phosphorylated form of this adaptor
com/cgi/content/full/15/5/691/DC1) confirmed the rapid
(Oshiro et al., 1998; Huang et al., 1999). Association
(about 1 min) exclusion of CD43 seen previously in static
between these mutant moesin molecules and the coex-
stainings (Figure 4). The onset of the Ca2 response was
pressed CD43-GFP was assessed by immunoprecipita- very rapid upon contact with the APC (in the order of
tion. Figure 5 shows that only the moesinT558D mutant 10–20 s) and contemporaneous with the onset of CD43
was able to bind to CD43. Together with a previous exclusion. In contrast, T cells expressing the CD43mut-
report suggesting that this particular mutant is the only GFP (Figure 6C; see Supplemental Movie S2 at http://
one able to bind actin filaments (Huang et al., 1999), www.immunity.com/cgi/content/full/15/5/691/DC1), al-
these results indicate that moesin phosphorylation on though showing an initial exclusion of the nonanchored
T558 is crucial for the molecule to play its role as a CD43mut-GFP molecules, failed to stably exclude these
crosslinker between the cortical actin cytoskeleton and chimeric proteins from the T-APC contact in 80% of
CD43. the cell pairs examined. This particular cell image shows
an example of the accumulation of excess CD43mut-
A CD43 Mutant Protein that Cannot Bind GFP in the contact zone several minutes after initial cell-
Phospho-Moesin Fails to Remain Stably cell contact.
Excluded from the Synapse Some studies have suggested that CD43 acts as an
The combination of moesin-CD43 colocalization experi- inhibitor of T cell activation, possibly because its large
ments and these association studies suggested a rela- size and high negative charge (Cyster et al., 1991) might
tionship between the interaction of these molecules and interfere with close binding of the T cell and APC mem-
their TCR-regulated redistribution in antigen-stimulated brane (Manjunath et al., 1995). Because T cells express-
T cells. To address this issue more directly, we took ing CD43mut-GFP fail to stably relocate this protein
advantage of the fact that a recent report had shown outside of the synaptic region within which the primary
that a cluster of positively charged amino acids in the TCR recognition events are taking place, we hypothe-
juxtamembrane region of the cytoplasmic tail of rat sized that these cells would exhibit a defect in T cell
CD43 is important for its binding to moesin (Yonemura activation. This possibility was examined by using intra-
et al., 1998). MoesinT558D was coexpressed in 293T cellular staining and flow cytometry to measure the IL-2
cells together with CD43-GFP whose cytoplasmic tail production of retrovirally transduced T cells expressing
either GFP alone, the wild-type CD43-GFP chimera, orhad been mutated in these positive residues (referred
TCR-Mediated Regulation of Moesin Function
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Figure 6. Subcellular Distribution of CD43-GFP Chimeric Proteins in Retrovirally Transduced T Cells Interacting with Pulsed APCs
(A) T cells expressing GFP (left), CD43-GFP (middle), or CD43mut-GFP (right) proteins were incubated in the presence of pulsed APCs and
imaged after 30 min of contact.
(B) Percentage of T cells showing exclusion of the GFP signal from the synapse. Mean  SE. A total of 49 cells were included in this analysis.
(C) Still images from video analysis of CD43-GFP cells (left panel) and CD43mut-GFP cells (right panel) interacting with antigen-bearing
APC. Each series of images represents a transmitted-light image of the small T cell interacting with the larger APC (top), a fluorescent image
for GFP (middle), and a Ca2 ratio image (bottom) taken at 0, 1.5, and 6.5 min of cell contact. The Ca2 and GFP images were pseudocolored
using an arbitrary LUT with red representing the highest signal and blue the lowest; the range was 2 for GFP and 10 for Ca2.
the moesin nonbinding mutant form of this fusion protein these molecules in the lipid bilayer. This may permit
(Figure 7). For all conditions, there was about a 40% their rapid exclusion from the immediate vicinity of the
reduction in the percentage of IL-2 cells among the accumulating TCR within the first minute of T-APC inter-
infected cells with the highest CD43mut-GFP expres- action, possibly by a passive mechanism based on mo-
sion as compared to cells with equivalent expression of lecular dimensions (Davis and van der Merwe, 1996;
wild-type CD43-GFP. Shaw and Dustin, 1997) and membrane deformation (Qi
et al., 2001). However, it is important to note that this
freedom of movement only follows initiation of activeDiscussion
ligand-induced TCR signaling that occurs in the pres-
ence of CD43 molecules initially intermingled with theConsidered together, the results presented here sug-
resting distribution of TCR. The moesin rephosphoryla-gest the following thaw-freeze model of CD43 exclusion
tion that follows this initial disanchoring event results infrom the developing immunological synapse. Unstimu-
the rapid reattachment of CD43 molecules to the actinlated T cells exhibiting a high level of moesin phosphory-
cytoskeleton in a zone that is only excluded from thelation have cell-surface CD43 molecules anchored to
most central portion of the synapse. Further movementthe underlying cortical cytoskeleton via this ERM family
of the CD43 to a peripheral location outside the LFA-1adaptor. Very early TCR signals result in dephosphoryla-
ring appears to require this reanchoring, because mu-tion of moesin that releases CD43 from the cytoskeleton,
tant CD43 molecules unable to make this associationwhich we visualize as a loss of strict colocalization of
fail to be more than initially excluded from the core ofCD43 and moesin at 1 min after cell contact. Such un-
coupling of CD43 presumably increases the mobility of the synapse. At the mature stage of synapse formation,
Immunity
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Figure 7. Production of IL-2 by T Cells Ex-
pressing Excess Wild-Type or Mutant CD43-
GFP Proteins
T cells retrovirally transduced with pMSCV-
IRES-GFP, pMSCV-CD43-GFP, or pMSCV-
CD43mut-GFP vectors were incubated in
presence of APCs prepulsed with different
concentrations of antigen. Data are pre-
sented as the percentage of IL-2 T cells in
the population (mean  SE). The differences
between CD43-GFP and CD43mut-GFP
cells are statistically significant (p  0.02 and
p 0.01 for 10 M and 100 M, respectively).
phospho-moesin molecules presumably facilitate stable of this kinase in activated T lymphocytes (Monks et al.,
1997), this PKC isoform represents another attractiveT-APC adhesion by anchoring CD43 molecules well
away from the active contact zone. candidate for TCR-dependent regulation of moesin ac-
tivity. Experiments with gene-targeted cells, cells ex-The dephosphorylation of moesin described here may
represent a specific instance of a general modification pressing dominant-negative forms of these candidate
phosphatases or kinases, or cells whose expression ofof many cytoskeletal proteins, as it has been shown that
Ser/Thr dephosphorylation of the cytoskeletal protein these proteins is reduced using antisense approaches
will be necessary to determine if these or other enzymescofilin also occurs in T cells upon activation (Ambach
et al., 2000). The global moesin dephosphorylation we are involved in the sequential change of moesin phos-
phorylation seen following TCR engagement.observe may reflect what normally occurs upon T cell
contact with an antigen-bearing APC or may be a conse- The exact role of CD43 in TCR-mediated lymphocyte
activation is still debated in the literature, with somequence of the tight packing of T cells with numerous
APC under the specific experimental conditions em- reports suggesting an inhibitory role (Manjunath et al.,
1995), others an activating/costimulatory function (Parkployed here to coordinately trigger a large population
of T cells. In the former case, the disanchoring effect et al., 1991; Sperling et al., 1995), and still others no role
at all (Carlow et al., 2001). Our studies with the CD43mut-may be more local, affecting CD43 just in the vicinity of
the forming synapse. The specific phosphatase(s) and GFP molecule are consistent with this protein playing a
negative role during cell-cell interactions. The inhibitorykinase(s) responsible for regulating moesin phosphory-
lation in T lymphocytes, in particular those responding effect on cytokine responses seen when this large,
highly charged molecule is prevented from leaving theto signals arising from engagement of the TCR, remain
unidentified. The phosphatases PP2C (Hishiya et al., synapse is consistent with a previous report showing
inhibition of T cell activation in cells expressing an elon-1999) and myosin phosphatase (Fukata et al., 1998),
which have previously been reported to act on moesin, gated CD48 molecule (Wild et al., 1999). In this latter
case, the additional distance between T cell and APCare possibilities for the effector enzymes activated by
a TCR-induced messenger. membrane resulting from the modified length of the
CD48-CD2 pair is presumed to limit effective TCR-ligandWith respect to moesin rephosphorylation, several dif-
ferent kinases have been shown to act on ERM proteins. interaction, and a similar effect could be imagined when
CD43 remains interspersed with TCR in the maturingFor example, Rho-kinase has been suggested to partici-
pate in cytoskeletal remodeling by phosphorylating this synapse. Alternatively, the firm adhesion necessary for
prolonged cell-cell contact might be compromised infamily of proteins (Fukata et al., 1998; Matsui et al., 1998;
Oshiro et al., 1998). Interestingly, PKC- has also been both of these cases, leading to premature cessation in
the signals necessary for gene activation (Iezzi et al.,shown to activate moesin by phosphorylating T558
(Pietromonaco et al., 1998). Given the unique behavior 1998). This latter possibility is more in accord with our
TCR-Mediated Regulation of Moesin Function
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failure to see obvious changes in early TCR-associated dynamic membrane protrusions that characterize the
phosphorylation in cells expressing CD43mut-GFP (our T-APC contact and that one can easily observe in video
unpublished observations). images of T-APC conjugates (see Supplemental Movies
In some instances, it has been possible to visualize S1 and S2 at http://www.immunity.com/cgi/content/full/
clusters of CD43 molecules in the synapse 1–3 min after 15/5/691/DC1). Furthermore, polarization of microtu-
the T-APC contact, when some moesin and CD43 mole- bules toward the synapse is believed to play a role in
cules are still present in this zone. Within the next few directing the trafficking of secretory vesicles to the re-
minutes, larger-scale movement of molecules seems to gion of cell contact. Treatment of cells with the Ser/Thr
occur, with CD43 stably maintained outside the synapse phosphatase inhibitor calyculin A increases the F-actin
by its moesin anchoring. This sequence of initial small- association at the plasma membrane presumably by
scale segregation followed by partitioning of distinct increasing ERM phosphorylation (Patterson et al., 1999),
proteins in different regions of the membrane, first pro- interfering with secretion-related processes. Thus, it
posed to occur at a submicroscopic scale by van der would also be useful for the T cell to have a zone devoid
Merwe et al. (2000) in considering how TCR signaling of moesin so that the cortical actin microfilaments would
is initiated, is consistent with the experimental results not act as a barrier for the fusion of intracellular vesicles
reported here. with the plasma membrane. This would suggest that the
T cells can achieve a high degree of prepolarization immunological synapse would be the ideal place for
when stimulated by chemokines (Serrador et al., 1998). such secretory phenomena to take place, and this idea
This is typically visualized as a change in the overall fits quite well with one of the major raison d’eˆtre of the
morphology of the T cell, which loses its typical round synapse: the polarized secretion of lymphocyte proteins
shape and adopts a more elongated one with a leading toward the APC.
edge and a uropod within which CD43 is concentrated.
Experimental ProceduresIn the experiments described in the present paper, we
did not observe any prepolarization of the rested T cells
Constructsbefore contacting the APC (for example, see Sup-
MoesinT558A and moesinT558D plasmid expression constructsplemental Movie S1 at http://www.immunity.com/cgi/
(Oshiro et al., 1998) were each modified using PCR to contain a HA-
content/full/15/5/691/DC1). Cells had a round shape coding sequence at the 3 end of the original coding region. Inserts
with a relatively homogenous distribution of CD43. Thus, were then subcloned into the pcDNA3.1 vector (Invitrogen, Carls-
it is clear that our APCs did not induce any T cell polariza- bad, CA).
A fragment encoding murine CD43 plus a linker (amino acid com-tion phenomena mediated by soluble molecules. It is
position: GGGGGGGGGA) was amplified from the pBabe-CD43unknown whether in more physiological in vivo condi-
plasmid (a gift from Dr. J. Green, Washington University, St. Louis,tions a T cell present in the lymph node would show
MO) and subcloned into the MSCV-IRES-GFP retroviral vector (Van
prepolarization of surface proteins such as CD43 before Parijs et al., 1999) in place of the IRES cassette but in frame with GFP.
contacting an APC. In situ tracking of T-APC conjugate Site-directed mutagenesis of CD43 to mutate residues 276–278 from
formation will be necessary to address this question. KRR to NGG was conducted using the QuickChange kit (Stratagene,
La Jolla, CA) and the appropriate primers.Two final points relate to the architecture of the
plasma membrane in the mature T-APC contact zone
Transfection/Retroviral Infectionand to the physiological relevance of moesin exclusion
Transient transfections of the human kidney 293T cell line wereupon antigen recognition. Moesin phosphorylated at
performed using FuGENE 6 (Roche, Indianapolis, IN) according to
T558 shows a preferential distribution to microvilli in manufacturer’s instructions.
various cell types (Oshiro et al., 1998; Yonemura and Supernatants from Phoenix cells stably producing retroviruses
Tsukita, 1999), and ERM antisense oligonucleotides ex- encoding GFP, CD43-GFP, or CD43mut-GFP were filtered through
0.45 m membranes, then supplemented with 10 g/ml polybrenepressed in thymoma cells causes the cells to lose their
(Sigma, St. Louis, MO) and 1 ng/ml IL-2 (BD Pharmingen, San Diego,microvilli and adopt a “bald” state (Takeuchi et al., 1994).
CA). They were added to recently antigen-stimulated 5C.C7 TCRWe confirmed the localization of moesin in microvilli in
transgenic  RAG-2/ T cells and spun at 2,600 rpm for 90 min atthis study (within the limits of light microscopy) based
26	C. Typically, retroviral transduction of one cell culture involved
on z sections encompassing the cell surfaces of T cells a total of five rounds of such spin infection on days 1 to 3 after
engaged in a conjugate (data not shown). Therefore, it stimulation.
is tempting to speculate that the initial moesin dephos-
phorylation upon antigen recognition leads to the break- Microscopy
Primed 5C.C7 T lymphocytes were mixed together with 10–100 Mdown of microvilli and a flattened surface membrane on
MCC (88–103) antigenic peptide-pulsed LK35.2 B cell lymphomathe T cell that could favor (short) lymphocyte surface
and allowed to interact on poly-lysine precoated glass coverslips.proteins binding to their respective ligands on the APC.
After different times of contact, cells were fixed with 4% paraformal-
This topographic change would be maintained over time dehyde for 10 min, permeabilized with 0.1% Triton X-100 for 10 min,
by the exclusion of rephosphorylated moesin from the and stained for 45 min with the following antibodies: anti-moesin
synapse. (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), anti-talin (clone
Lastly, because moesin is often considered as a 8d4; Sigma), anti-CD43 (clone S7; BD Pharmingen), anti-PKC-
(Santa Cruz), biotinylated anti-TCR
 (clone H57; BD Pharmingen),marker for the cortical actin cytoskeleton, the particular
and/or anti-pT558 (Oshiro et al., 1998). Primary antibodies werepattern of moesin distribution described here would
revealed using donkey-anti-species secondary antibodies conju-suggest that this actin network is largely excluded from
gated to FITC, Texas red, or Cy5 and streptavidin-AMCA (Jackson
the synapse. Those actin filaments that are present in ImmunoResearch, West Grove, PA). Stained cells were visualized
the synapse might instead come from a newly polymer- with a Leica TCS-NT/SP confocal microscope (Leica Microsystems)
ized pool generated in response to antigen recognition. using a 100 oil immersion objective (NA 1.4). Forty to fifty z sections
separated by 0.2 m were acquired. Rotations and X-Z reconstruc-These filaments may be responsible for generating the
Immunity
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tions of images were performed using the Autoaligner and Imaris For each antigen concentration, the data were normalized to 100%
for the control condition. Results from three independent experi-software systems from BitPlane (Zu¨rich, Switzerland).
Experiments involving live cell imaging of retrovirally transduced ments were pooled together.
T lymphocytes were performed at 37	C on a conventional epifluores-
cence DMIRBE Leica microscope. Images were acquired using a Acknowledgments
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